Background: Several authors have shown that deterioration of cardiac function is associated with the degree and duration of obesity. It is necessary to establish the gene expression patterns after prolonged periods of obesity.
Introduction
Obesity is the most prevalent chronic metabolic disorder in developed and underdeveloped countries 1 . This disease plays an important role in cardiovascular morbidity through multiple mechanisms, including intracellular calcium (Ca 2+ ) homeostasis [2] [3] [4] . Several proteins and channels, such as sarcoplasmic reticulum Ca 2+ -ATPase (SERCA2a), ryanodine receptor (RyR), phospholamban (PLB), L-type Ca 2+ channel, calsequestrin (CSQ) and Na + /Ca 2+ exchanger (NCX) regulate Ca 2+ homeostasis in cardiac muscle 3, 4 . Thus, alterations in the expression and/or function of these Ca 2+ proteins could be responsible for cardiac dysfunction in human and experimental models.
Previous studies with short periods evaluating the gene expression of Ca 2+ proteins in experimental obese models have shown disparate results [5] [6] [7] . Studies using dogs which were fed a high fat diet for 6 weeks, showed similar levels of RyR mRNA between control and high-fat diet groups 5 . Other studies using dogs fed a high-fat diet for 9 weeks, showed decreased mRNA expression of SERCA2a and PLB in the myocardium 6 . Lima-Leopoldo et al 7 showed that obese rats fed a cycle of high-fat diets for 15 weeks, plus a solution of sugar water, had increased mRNA levels of SERCA2a, PLB and RyR. Since several authors have shown that cardiac dysfunction is associated with the degree and duration of obesity, it has become necessary to establish the gene expression patterns after prolonged periods of obesity.
The heart is an important target organ for thyroid hormone (TH) action [8] [9] [10] . The ability of TH to regulate cardiac function has been suggested to involve its genomics effects 11, 12 . In this regard, the influence and/or role of TH on proteins of Ca 2+ handling has been an area of intense investigation 12, 13 and several studies have reported the involvement of TH as modulators of gene transcription 8, 9, 14, 15 . However, little is known about the relationship between the duration of obesity, gene expression of cardiac Ca 2+ proteins and TH.
Considering the lack of information, the purpose of this study was to test the hypothesis that long-term exposure to obesity leads to a reduction in the mRNA expression levels of proteins involved in myocardial Ca 2+ homeostasis. Furthermore, this study verified whether the decrease in gene expression was accompanied by a reduction in TH levels. DOI: 10.5935/abc.20130045 Thirty-day-old male Wistar rats, weighing approximately 100 g, were obtained from the Central Animal House of Botucatu Medical School (São Paulo, Brazil). Rats were individually caged with free access to water and subjected to different dietary regimens as described below. Animals were kept under standard environmental conditions of controlled light (12 h light/dark schedule; lights on at 6 am), clean-air room temperature (23 ± 3°C), and relative humidity (60 ± 5%).
Material and Methods

Animals and procedures
Experiment design
After 7 days of acclimation, the rats were randomized into two groups: control (C, n = 30) and obese (Ob, n = 30). The C group was fed a standard diet and Ob group were alternately submitted to four palatable high-fat diets. Weight gain and body weight were monitored once a week.
At week 3 of this study, the beginning of obesity based on body weight gain was established, previously determined by our group (unpublished data). At this time point, weeks 3, control and obese rats were randomized into six new groups (C 15 , Ob 15 High-fat diets were calorically rich (high-fat diet = 3.65 kcal/g versus low-fat diet = 2.95 kcal/g) due to higher fat energy. The composition of the high-fat diets consisted of saturated and unsaturated fatty acids, which provided 20% and 80% of the fat-derived calories, respectively. Standard and high-fat diets components have been previously described 17 .
Characterization of obesity
A criterion based on adiposity index was utilized to confirm animals obesity. After animals had been anesthetized (sodium pentobarbital 50 mg/kg intraperitoneal [i.p.]), decapitated, and thoracotomized, the adipose tissue fat pads were dissected and weighed. The adiposity index was calculated by the following formula: adiposity index = (total body fat (BF)/final body weight) × 100. BF was measured from the sum of the individual fat pad weights as follows: BF = epididymal fat + retroperitoneal fat + visceral fat.
Comorbidities associated with obesity
As rat models of diet-induced obesity may develop some characteristics of human obesity, such as hypertension, glucose (GL) intolerance, insulin resistance, dyslipidemia, hyperinsulinemia, and hyperleptinemia, the following evaluations were performed in all groups:
Systolic blood pressure (SBP)
After observation periods, the tail systolic blood pressure (SBP) was assessed in each animal by semi automated tail cuff device Narco BioSystems ® PE 300 (International Biomedical, Austin, TX, USA). The average of two pressure readings was recorded.
GL tolerance test (GTT) and homeostatic model assessment index (HOMA)
After 15, 30 and 45 weeks of treatment, GL tolerance and insulin resistance were evaluated by GTT and HOMA-IR, respectively. All rats were fasted for 4-6 h prior to GL tolerance test 18 . After fasting, a blood sample was collected from the tip of the tail in a heparinized tube. The basal blood GL level of each animal was immediately determined using a handheld glucometer (Accuchek Advantage; Roche Diagnostics Co., Indianapolis, IN). Subsequently, an injection of 2 g/kg GL (Sigma-Aldrich ® , St Louis, MO, USA) was given intravenously and blood GL levels were measured after 15, 30, 60, 90, and 120 min 18 . GL intolerance was evaluated by the area under the curve (AUC) for GL. The HOMA-IR was expressed as an index of insulin resistance and calculated by the following formula: HOMA-IR = [fasting GL (mmol/l) × fasting insulin (µU / ml)]/22.5. All rats ate normally and regained their body weights within 1 d after this regimen.
Triglyceride determination and Hormonal analysis
At the end of each experimental period (15, 30 and 45 weeks), animals were fasted for 12-15 h, anesthetized with sodium pentobarbital (50 mg/kg i.p.), and euthanized by decapitation. Blood samples were collected in heparinized tubes, and the serum was separated by centrifugation at 3000 × g for 15 minutes at 4°C and stored at −80°C until further analysis. Serum was analyzed for triglyceride levels (TG) and insulin and leptin hormones. Serum concentration of TG was assayed using a commercial kit (CELM, ® São Paulo, Brazil) and measured with an automatic enzymatic analyzer system (Technicon, RA-XT TM System, Global Medical Instrumentation, Minnesota, USA). Leptin and insulin levels were determined by ELISA using commercial kits (Linco Research Inc., St. Louis, MO, USA).
The serum concentrations of free triiodothyronine (T 3 ) and thyroid stimulating hormone (TSH) were analyzed using Diagnostics Products Genese (São Paulo, SP, Brazil) with Luminex Corporation's xMAP Technology™, by reaction multiplex immunoassay, Lincoplex kits (Linco Research Inc, St. Louis, MO, USA). 
Gene expression of key intracellular Ca 2+ -cycling proteins
Whole RNA was extracted from cardiac tissue (left ventricle) using Trizol (Invitrogen), according to the manufacturer's instructions. High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, USA) was utilized for the synthesis of complementary DNA (cDNA) from 1000 ng of whole RNA. Real-time PCR was used to quantitatively measure the messenger RNA (mRNA) levels of SERCA2a (Rn00568762_ m1), RyR (Rn01470303_m1), PLB (Rn01434045_m1), L-type Ca 2+ channel (Rn00709287_m1), CSQ (Rn00567508_m1) and NCX (Rn00570527_m1). Quantitative mRNA was measured using TaqMan Universal PCR Master Mix (Applied Biosystems, CA, USA), according to the manufacturer's instructions, and the Applied Biosystems StepOne Plus detection system. All samples were assayed in triplicate. Cycling conditions were as follows: enzyme activation at 50°C for 2 min, denaturation at 95°C for 10 min, the cDNA products were amplified for 40 cycles of denaturation at 95°C for 15 s and annealing/ extension at 60°C for 1 min. Gene expression was quantified in relation to the values of the control groups (C 15 , C 30 and C 45 , respectively) after normalization by an internal control (β-actin, Rn00667869_m1) and determined by the method 2 -ΔΔCt , as previously described 19 .
Statistical analysis
All results were reported as mean ± standard deviation. General characteristics, comorbidities, hormonal measurements and gene expression of intracellular Ca 2+ -cycling proteins were evaluated using two-way analysis of variance (ANOVA) for independent samples. When significant differences were found (p < 0.05), Bonferroni's post hoc test for multiple comparisons was carried out. The association analysis between the levels of thyroid hormone and intracellular Ca 2+ -cycling protein gene expression was determined by Pearson's linear correlation test. The level of significance was 5%.
Results
General characteristics and comorbidities
The general characteristics of rats are shown in Figure 1 . Obese animals had significantly greater final body weight, weight gain, body fat, and adiposity index compared to control rats in all experimental periods ( Figure 1 , Panel A, B, C and D). Using the adiposity index as the indicator of obesity, after 15, 30 and 45 weeks Ob rats had 79.5%, 82% and 69.5% more fat, respectively, compared with their respective C rats ( Figure 1D ). Long-term to exposure to high-fat diet did not influence the degree of obesity, since the body fat and adiposity index were similar between Ob rats in different Ob groups ( Figure 1C and D) .
The comorbidities associated with obesity are summarized in Figure 2 . The area under the curve for glucose (AUC) and HOMA index were significantly affected by exposure to obesity. The Ob rats had significantly greater glucose Figure 2B . Although, the levels of HOMA index were not significantly different between groups at 30 week, there was a trend this measurement to be greater (p = 0.054) in Ob rats than C rats ( Figure 2B ).
Glucose tolerance test revealed compromised glucose tolerance in the Ob group in all experimental periods, consistent with the notion that obesity is often accompanied by insulin resistance, which was observed in this study determined by HOMA index. Furthermore, Figure 2D shows that high-fat diet-induced obesity significantly altered serum triglycerides levels in relation to the 3 C groups (Ob 15 >C 15 and Ob 30 >C 30 ; p < 0.05). At weeks 45, there was no significant difference in TG levels between groups (p = 0.086). The duration of obesity had no effect on systolic blood pressure in the Ob groups ( Figure 2C ). 30 , p < 0.05) promoted a greater rise in insulin levels compared to short-and mid-term obesity exposure, indicating that the duration of obesity resulted in higher insulin resistance (Table 1 ). According to these leptin and insulin results obtained, obesity in all time periods was accompanied by hyperinsulinemia and hyperleptinemia.
Hormonal analysis
Serum T 3 and TSH were determined to evaluate the role of thyroid hormones on gene transcription induced by high-fat diet induced obesity ( Table 1 ). The duration of obesity promoted different responses on serum TSH levels at 15 and 45 weeks between the C and Ob groups (C 15 > Ob 15 ; C 45 < Ob 45 ). TSH values were not significantly different between the C and Ob groups groups after 30 weeks of obesity. Furthermore, long periods of obesity did influence TSH levels within the obese groups at 15 vs 45 weeks (Ob 15 < Ob 45 ). However, long-term exposure to high-fat diet induced obesity did not cause statistically significant changes in T 3 levels between C and Ob groups at all experimental time periods (Table 1) . T 3 values were reduced at 15 weeks (Ob 15 < C 15 , p = 0.068) and elevated at 45 weeks (Ob 45 > C 45 , p = 0.007) in the Ob groups compared to their respective C groups. These results showed that T 3 and TSH respond similarly in regards to duration of exposure to obesity (C 15 > Ob 15 ; C 45 < Ob 45 ). 
Gene expression of key intracellular Ca 2+ -cycling proteins
Analysis of the mRNA levels for intracellular Ca
2+
-cycling proteins was performed to understand the mechanism by which long-term exposure to obesity modulates cardiac function. The mRNA measurements of SERCA2a, RyR, PLB, L-type Ca 2+ channel, CSQ and NCX are summarized in Figures 3A, B Figures  3C and D) . Importantly after 30 weeks of high-fat diet induced obesity, the mRNA levels of all intracellular Ca 2+ -cycling proteins (SERCA2A, RyR, PLB, L-type Ca 2+ channel, CSQ and NCX) were elevated compared to the C group ( Figure 3A , B, C, D, E and F). Long-term exposure to high-fat diet induced obesity also resulted in statistically significant differences in mRNA levels of SERCA2A, RyR, L-type Ca 2+ channel, CSQ and NCX within the obese groups as shown in Figure 3 (Ob 30 > Ob 15 = Ob 45 ).
The potential role of the thyroid hormones altering gene expression of intracellular Ca 2+ -cycling proteins was also evaluated. Table 2 shows the results of Pearson's linear correlation test. There were no significant correlations between free T 3 concentrations and mRNA levels of SERCA2a, RyR, PLB, L-type Ca 2+ channel and NCX. These results demonstrate that free T 3 did not influence and/or regulate transcription of intracellular Ca 2+ handling proteins after long-term exposure to obesity ( Table 2) .
Discussion
Obesity is a condition that has reached epidemic levels in recent years, and its adverse effects have been extensively studied in experimental animals. Interestingly, little information is available on the relationship between the duration of obesity and Ca 2+ regulation. The major contribution of this current study is that we demonstrated that exposure to obesity alters the gene expression of Ca 2+ handling proteins differently. While exposure to obesity for 30 weeks promoted elevations in mRNA levels, in contrast, exposure to obesity for 15 and 45 weeks, resulted in decreased mRNA levels, which suggests a different cardiac remodeling process may occur in short-term vs long-term exposure to obesity. Furthermore, there was not an influence of thyroid hormones on the gene expression of Ca 2+ handling proteins after long periods of exposure to obesity. We believe that this is the first study to report the cardiac mRNA expression of Ca 2+ handling proteins in obese animals as well as the role of thyroid hormones regulating the gene expression of Ca 2+ handling proteins over long periods of time.
Fat-enriched diets have been used for decades to model obesity in rodents. The high-fat diet used was of sufficient intensity and duration to promote obesity in rats at all experimental time periods, 15, 30 and 45 weeks. The development of obesity over time was characterized by significant differences in body weight, body fat, fat pads and adiposity index in comparison to control rats. According to the literature, increased fat consumption may not be accompanied by an elevation of oxidation, which favors greater deposition of fat in animals fed a high-fat diet 20 . Nevertheless, in this study, the time of exposure to a high-fat diet did not exacerbate this condition, since obesity was not accompanied by an elevation of the intensity or degree of adiposity. Consistent with previous investigations [21] [22] [23] [24] [25] [26] , the high-fat diet used in this study was effective at promoting numerous comorbidities associated with short and long-term obesity, including glucose intolerance, hyperinsulinemia, insulin resistance, hyperleptinemia, and dyslipidemia observed by elevation in serum TG. Although there were no significant changes in TG levels after 45 weeks (p = 0.086), TG levels showed an increasing trend over time and exposure to obesity. These results demonstrate that obesity over the long periods of time promotes alterations in metabolic and hormonal parameters without effecting on systolic blood pressure. It is well known that obesity is accompanied by many hormonal changes including thyroid hormone levels. In this study, obesity promoted an increase in serum TSH after 45 weeks (Ob 45 > C 45 ), probably caused by high levels of leptin in the obese group. Studies in experimental animals, as well as in human subjects have shown that leptin stimulates TSH release 27, 28 . In addition, previous studies have shown a positive relationship between serum TSH and leptin levels indicating that thyroid hormones undergo a process of adaptation with increasing adiposity 29, 30 . The absence of alterations in leptin and TSH levels in the control group over time corroborates this assertion. Another important finding from our current study is that T 3 and TSH response showed similar trends in the obese groups over time. As reported in the literature 31 , changes in T 3 gene expression of SERCA, RyR and L-type Ca 2+ channels, and a negative role in PLB and NCX expression 9 . However, in disagreement with our hypothesis, thyroid hormone did not affect the gene expression of myocardial Ca 2+ handling proteins, based on correlation analysis which showed no significant association between T 3 and mRNA levels of Ca 2+ handling proteins. As shown in the cardiac remodeling process, different external stimuli can activate several transcriptional factors 36 . Therefore, we can infer that the same mediator/stimuli may have activated different transcription factors, leading to similar responses in gene expression. Since obesity is associated with increase in endothelin, angiotensin II, cytokines concentrations, among others 39, 40 , and they work via different transcriptional factors, it is likely that some of these factors may be involved in changes in mRNA expression of Ca 2+ handling proteins.
Conclusion
Our data indicate that obesity over the short and long periods of time may promote alteration in gene expression of Ca 2+ homeostasis regulatory proteins without influence by thyroid hormone. One aspect which is important is that the knowledge of mRNA alterations at different periods during the development and establishment of obesity could contribute to understanding the mechanisms involved in cardiac dysfunction promoted by obesity. Nevertheless, further studies are necessary to determine which mediators influence mRNA behavior at each time period of the remodeling process induced by obesity.
Among research using obese models, we believe that this is the first study to verify the influence of long-term exposure to obesity on gene expression of Ca 2+ handling proteins. In cardiomyocytes, the proteins associated with myocardial Ca 2+ handling participate in the release, recapture and extrusion of Ca
2+
, executing a key role in the regulation of cardiac function 3, 4 . The current study showed that the duration of obesity resulted in different responses in gene expression of Ca 2+ handling proteins after 15, 30 and 45 weeks. Our results showed that obesity, induced by a high-fat caused, initially (15 weeks), decreased gene expression. Consequently, in the 30ª week of induced obesity, the cellular mechanisms involved in functioning of the heart had to increase in an attempt to reestablish molecular cardiac mRNA levels. After normalization of this process, the mRNA transcription returned to normal and/or reduced levels (45 weeks). These findings suggest that, in the current study, there was a remodeling of cardiac processes after long periods of exposure to obesity. Rider et al 32 state that cardiac remodeling is an adaptive characteristic of obesity. According to Cohn et al 33 , cardiac remodeling is defined as genome expression resulting in molecular, cellular and interstitial changes, manifested clinically as changes in size, shape and function of the heart resulting from cardiac load or injury. Furthermore, they point out that cardiac remodeling is influenced by hemodynamic overload, neurohormonal activation and other factors still under investigation. Therefore, a possible explanation for our results is that this process may be related to fat overload imposed to heart, where initially, it suffer one aggression after 15 weeks (obesity), then the heart has to remodel to normalize the cardiac molecular and cellular changes in the week 30. Finally, the heart adapts, returning to normal and/or reduced mRNA levels (45 weeks), since, it was no longer necessary to sustain increased RNA levels. These results may be corroborated with our previous and other studies which demonstrate that obesity induced and promoted myocardial dysfunction 17, 34, 35 , where the myocardial dysfunction could be related to changes in mRNA levels after 15 weeks of obesity. Furthermore, researches conducted in our laboratory, shows that cardiac function returns to normal after 30 and 45 weeks of obesity (unpublished data).
An alternative explanation for the cardiac remodeling process to normalize after 45 weeks may be related to diet composition. The high-fat diet used in this study was composed of large amounts of unsaturated fatty acids and this could be a mechanism that protects the heart, even in the presence of obesity. The mechanisms underlying the effects of long-term to exposure to obesity on mRNA levels of Ca 2+ handling proteins remain unknown. Several agents and pathways which may mediate the molecular and cellular responses (alterations in gene expression) involved in cardiac remodeling, include various cytokines, β-adrenergic receptors, neurotransmitters, intracellular messengers and hormones such as insulin 3, [36] [37] [38] .
One important mediator involved in the activation of several transcriptional factors, and, therefore, fundamental in to gene expression responses is thyroid hormone. The literature reports that thyroid hormones may play a positive role in
